Abstract: In this paper a three-phase four-wire Dynamic
Introduction
The generated voltage by power plants has a sinusoidal waveform with fixed frequency. Power quality problem is one of the major concerns in power distribution system. Voltage magnitude, waveform, and frequency are the major factors that dictate the quality of a power supply. Consumer's equipment need pure balanced sinusoidal voltage with constant root mean square (RMS) value to have their satisfying operation. Any faults whether in transmission or in distribution system causes transient voltage sag or swell in whole or part of the grid. Any voltage waveform disturbances may cause serious faults in electrical equipment. Nowadays with advent of advanced electrical and electronic equipment there has been a progressive need to high quality electric power. Voltage sag is widely recognized as one of the most important power quality disturbances [1] . IEEE standard 1159-1995, defines voltage sags as a short reduction in RMS value of the supplied voltage from its nominal value with a magnitude between 10% up to 90% that is happened in a short duration of time (half a cycle up to a minute) [2] . It is often caused by faults in power systems or by starting of large induction motors which draw very high lagging current. Many mitigation alternatives have been proposed in literatures. One of them is minimizing short circuits that can be done in several ways such as avoiding feeder or cable overloading by correct configuration planning. Another alternative is using of power electronic based converters such as dynamic voltage restorer (DVR), distribution static compensator (DSTATCOM) and uninterruptible power supply (UPS) that are known as custom power devices.
In this paper, distributed DVR for load side protection against balanced and unbalanced voltage sag and swell is investigated in PSCAD/EMTDC simulation package [3] . DVR is a series compensator which is able to protect a sensitive load from the distortion at the utility side during fault or over load in power system [4] [5] [6] [7] . The basic principle of a series compensator is simple. The series compensator can restore the load side voltage to the desired amplitude and waveform, by injecting a controlled series voltage, even when the source voltage is unbalanced or distorted. In practical cases, the sags and swells can be unbalanced. Therefore, the DVR should be able to inject unbalanced three-phase voltages. These voltages may be generated by the three-phase four-wire converters with split capacitor [8] or H-bridge inverters [9] . SPWM and Space Vector PWM control techniques are used for controlling the DVR. Space Vector PWM can utilize the dc voltage better and generates fewer harmonic components in inverter output voltage [10] .
Based on the afore mentioned discussions, this paper proposes a three-phase four-wire DVR to inject required compensating series voltage to the electric power system in such a way that continuous sinusoidal voltage is seen at load side ever at heavy fault occurrences at utility side. The proposed DVR is composed of a three-phase four-leg inverter and a three-phase high frequency harmonic filter that are connected to the utility by three single-phase power transformers. Three dimensional space vector modulation (3DSVM) is applied to the proposed DVR to generate switching pulses for power switches. Fourth added wire enables the DVR to compensate unbalance voltage sag and swell that are custom power quality problems in electrical utility. The performance of the structure and applied switching scheme under both balanced and unbalanced sag and swell are validated by simulations in PSCAD-EMTDC software.
2.
Three-Phase Four-wire DVR DVR is connected in series to electrical utility in order to mitigate voltage sag and swell and injects controlled compensating voltage into the system to regulate the load side voltage at desired value. The DVR was first installed in 1996 [11] . It is normally installed in a distribution system between the supply and the sensitive load. Its primary function is to rapidly inject the proper voltage in the event of a disturbance in order to avoid any power disruption to the sensitive loads. There are various circuit topologies and control schemes that can be used to implement a DVR. In addition to voltage sags and swells compensation, DVR can also perform other tasks such as: line voltage harmonics compensation, reduction of transients in voltage and fault current limitations.
The aim of this paper is propose a new approach solution to maintain the voltage of sensitive load under balanced and unbalanced distortion. This can be done by a three-phase four-wire converter based on 3DSVM. This technique has higher amplitude modulation indexes if compared with convectional SPWM techniques. The four-wire voltage source inverter topology of DVR is shown in Fig. 1 .
Proposed Control Implementation
The purpose of control scheme is to maintain voltage at a desired value. To control the three-phase four-leg inverter, 3DSVM is used. 3DSVM has some advantages such as more efficient and high DC link voltage utilization, lower output voltage harmonic distortion, less switching and conduction losses, wide linear modulation range, more output voltage magnitude and its simple digital implementation [10] , [12] . The block diagram of the control system used is shown in Fig. 2 . This algorithm is based on the representation of the natural coordinates a, b and c in a new 3-D orthogonal frame, called α−β−γ frame, that is as bellow: The switching combinations can be represented by the ordered sets [S a , S b , S c , S f ] that are shown in Fig. 3 where S a =p denotes that the upper switch in phase A, S ap is closed, and S a =n denotes that the bottom switch in phase A, S an is closed. The same notation applies to phase legs B and C and to the fourth neutral leg. 
Selection of Switching Vectors
In order to minimize the circulating energy and to reduce the current ripple, switching vectors adjacent to the reference vector should be selected. This is because that the adjacent switching vectors produce non conflicting voltage pulses. The position of the reference space vector can be determined in two steps:
1-Determination of the prism. Totally, there are six prisms. The flowchart in Fig. 5 explains the prism selection.
2-Determination of the tetrahedron in which the reference vector is located. Each prism contains four tetrahedrons that are shown in Fig. 6 (for prism 1) . The reference space vector is located based on the polarity of the reference space vector components in a−b−c frame that is given in TABLE III.
3.2
Projection of the Reference Vector The time duration of the selected switching vector can be easily computed by projecting the reference vector onto the adjacent NSZVs. The corresponding duty ratios of the switching vectors are given by:
For the reference vector in other tetrahedrons, only the projection matrix should be changed in Equation (3).
Complete table for the corresponding NZSVs and matrices to compute the duty ratios of all 24 tetrahedrons is given in [10] . 
Simulation Results
In this section, the proposed system in Fig. 1 is simulated in PSCAD-EMTDC. System parameters are given TABLE IV. It should be noted that the series transformers are operating in the linear region. Fig. 7 shows the simulation results under unbalance voltage sag condition with the values of 60%, 50% and 40% on phases a, b, and c, respectively. As can be seen, under such conditions Fig. 7(a) , the DVR injects unbalance voltage Fig. 7(b) in such a way that the load voltage Fig. 7(c) remains balanced and sinusoidal and doesn't sense the voltage sag. Fig. 8 shows the simulation results under balance voltage sag condition. It is clear that the load voltage is restored to the nominal condition (before sag occurrence) after a time lower than a half cycle. In another case, the DVR performance is investigated under balanced and unbalanced voltage swell. The results of unbalanced swell are shown in Fig. 9 . In this case the three-phase terminal voltages with unbalanced swell of 60%, 50% and 40% on phase a, b, and c are considered, respectively. As can be seen, also under swell conditions, the load voltage is restored to its nominal value. Fig. 10 shows the performance of DVR under 50% balance voltage swell conditions. Utility voltage, injected voltage and load voltage are shown. As can be seen, the load voltage remains continuously balanced and sinusoidal.
The THD values of load voltages compensated using 3DSVM are given in Table V . The THD of the load voltage is less than 3%, that lays in the criterion reported in IEEE standards 519-1992 [13] . 
Conclusion
In this paper, a three-phase four-wire DVR is presented to compensate the balanced and unbalanced sag and swell voltage using three dimensional space vector modulation. The performance of DVR is validated through simulations in PSCAD/EMTDC and the results verify the analysis. According to the results, DVR injects appropriated series voltage during utility voltage disturbance and maintains the load voltage at desired value. Also the THD values of the load voltage are less than the standard values. 
